For preliminary screening for and characterization of free-living nitrogen-ˆxing bacteria from rhizoplane micro‰ora, we used Winogradsky's mineral mixturebased nitrogen-free medium solidiˆed with 0.3% gellan gum. The soft gel medium enabled some reference and wild free-living nitrogen-ˆxing bacteria to grow in characteristic colonies, including their reaction to oxygen and their motility change. Gellan gum is thus likely to be a better gel matrix than agarose for the investigation of root-associating, free-living nitrogen-ˆxing bacteria to identify their characteristic behaviors.
Soft gel media solidiˆed with 0.5z agarose are widely used in identiˆcation of bacteria to discover their respiratory type. 1) In the soft gel media, both non-motile and motile bacteria are caught by the gel matrix and immobilized, and accordingly, the bacteria when stab-cultured display characteristic emergence of their colonies in certain depths of the soft gel medium from the top, depending on their reaction to dissolving oxygen. Applied this manner, soft gel media have been used for selective detection and screening of free-living nitrogen-ˆxing bacteria. Dobereiner and her groupˆrst used soft gel media, in which a nitrogen-free salt mixture plus saccharose (or malic acid) as a sole carbon source was solidiˆed with 0.2z agarose.
2) Using the soft gel medium, they isolated some endophytic and W or epiphytic, nitrogenxing bacteria, particularly from the rhizoplane of monocotyledonous crop plants. 3, 4) To date, this soft gel technique is widely used as the most basic culture method for screening of root-associating, nitrogenxing bacteria, although microbiologists are still groping for another simple method. 5) Agarose with relatively low turbidity, however, often prevented observation of thin or blurred colonies over the glass wall of the test tubes. Namely, the slight turbidity of the 0.2z agarose medium often led to failure in detection of bacteria that have high motility or form highly transparent colonies in the gel. To avoid this problem in the agarose-base soft gel medium, we replaced 0.2z agarose with 0.3z gellan gum, which is a polysaccharide originally produced by a bacterium, Pseudomonas elodea.
6,7)
Winogradsky's nitrogen-free mineral medium, originally developed for Azotobactor, was prepared with the following composition: 8) KH2PO4, 50.0 (g W l); MgSO 4 ・7H 2 O, 25.0; NaCl, 25.0; FeSO 4 ・7H 2 O, 1.0; Na2MoO4 ・2H 2 O, 1.0; MnSO4 ・4H 2 O, 1.0; and NaOH to adjust the pH to 7.2. To 1000 ml of a sugar (saccharose or mannitol, 10 g) and CaCO3 (powdery type, 0.1 g) solution, 5 ml of the mineral mixed solution was added, adjusted its pH to 6.2 with 2M H2SO4, and thenˆltered with a hydrophilic polytetra‰uoroethylene membrane (0.45 mm, Millipore). To the resultingˆltrate, 0.3z w W v of gellan gum powders (Kanto Chemical Co.) were added and then heated to dissolve the polysaccharide completely. In general, 5 or 10 ml of the gellan-gum-containing medium was poured into a test tube of 16 mm inner diameter, plugged with a siliconized polymer sponge, and then autoclaved at 1209 C for 20 min. After this cooled down, 100 ml of a root washing prepared from a plant was added to the liqueˆed medium under aseptic conditions, vortexed well to remove drops condensed on the inner glass wall, and incubated at 209 C.
Gellan gum, a nitrogen-free polysaccharide, is highly transparent, even at 1.2z concentration. Moreover, the nitrogen-free media solidiˆed with 0.3z gellan gum are harder than 0.2z agarose, so that bacterial cells only slightly motile are visible as a balloon-like swarming colony due to being trapped by the gel matrix. Another advantage of the gellan gum media is its liquefactive nature. When the 0.3z gellan gum medium was autoclaved and left to cool to room temperature, the liquefactive medium slowly solidiˆed, unlike the 0.2z agarose. The gellan gum medium maintained its liqueˆed form at least for 3 h, and often overnight, after the autoclaved medium was cooled down. Because of this nature, it is possible to vortex nitrogen-free mineral media solidiˆed with 0.3z gellan gum at room temperature, making it easy to disperse any bacterial inoculum uniformly. Due to such beneˆts described above, the soft gel media solidiˆed with 0.3z gellan gum are applicable toˆeld investigation for qualitative analysis of nitrogen-ˆxing bacteria inhabiting on plant rhizoplane.
We used two reference bacteria, Klebsiella pneumoniae IFO 3318 9) and Beijerinckia indica subsp. indica IFO 3744, 10) and in parallel, we allowed several wild isolates or a bacterial mixture to grow in the gellan gum medium. Several patterns of the colony emergence of the bacteria tested so far were observed, and we grouped the patterns according to their reaction to dissolving oxygen and their cell motility, as illustrated in Fig. 1 . K. pneumoniae IFO 3318, a non-motile, facultative anaerobe of sub-division g-proteobacteria, clustered in aggregations of whitish granular colonies throughout the medium spreading from the bottom to a certain depth (Fig. 2) . On the other hand, B. indica subsp. indica IFO 3744, a non-motile aerobe of sub-division aproteobacteria, formed dense aggregates of a half transparent, tiny disk colony near the top surface of the medium. Both of the bacteria showed the most typical patterns of each reaction to oxygen, when approximately 10 3 -10 4 cells were inoculated in 10 ml of the medium (data not shown). When these bacteria were cultured in mixture after uniform inoculation, they independently displayed each of characteristic patterns in the colony emergence that had been observed by single inoculation of each.
To demonstrate the advantage of gellan gum medium in screening of wild free-living nitrogen-ˆxing bacteria, we investigated the rhizoplane of Plantago lanceolata. A rosette of P. lanceolata, known as a plant tolerant of sandy soil and capable of assimilating nitrogen sources actively from the roots, 11) was sampled at the Shinkawa estuary area at Ishikari Bay, and its root system was washed with a large volume of clean water to remove the sandy soil around the root surface. The resultingˆne root, cut by clean scissors into pieces 5 cm in length, was then slowly shaken in 10-20 ml of sterile water repeatedly to rinse out the remaining soil. The root tissue thus cleaned was vortexed in 20 ml of sterile water for 10 seconds in a sterile 50 ml-Falcon polypropylene tube and left for 10 min, at which time the supernatant was used as an original inoculum from the rhizoplane. The bacterium was isolated on agar plates of a modiˆed Winogradsky's mineral mixture containing 0.005z yeast extract and 1z saccharose. The bacterial colonies emerging on the plate as thê rst major (colorless, transparent, sticky, and domelike) and the second major (whitish, half-transparent, mucilaginous, and ‰at) colonies were puriˆed on the modiˆed Winogradsky's agar plate. The emergence frequency of these isolates was approximately 40 and 30z, respectively. The resulting two wild isolates, subsequently conˆrmed in their ability to grow on the agar plate without yeast extract (`completely N-free medium'), were stab-cultured in soft gel media, which was Winogradsky's mineral medium (pH 6.2) containing 1z mannitol and 20 mg W l bromothymol blue as a carbon source and a pH indicator, respectively, was solidiˆed with 0.2z agarose or 0.3z gellan gum.
Theˆrst major isolate, tentatively identiˆed as Zoogloea ramigera of subdivision a-proteobacteria by a partial analysis of 16S rDNA sequences, 12) formed in its pure culture an elastic, mucilaginous, semi-turbid, round colonies on the modiˆed Winogradsky's mineral agar plate. Cell of the isolate aggregated in any liquid medium in which it grew, so we judged that the isolate usually had no motility. In the gellan gum medium, the isolate grew in semiturbid, swollen balloons-like colonies with a pattern of facultative anaerobes along the stabbing slit line, 1) but colonies emerged from the bottom to the top and formed a micro-aerobe-like dense region at a certain depth (B W C in Fig. 1 ) when the cell suspension was used to uniformly inoculate the soft gel medium (uniform culture). Similar colony development was visible during stab-culture in the 0.2z agarose medium; however, the bacterial colony diŠused into the medium within several days (Fig. 3) .
The second major isolate, tentatively identiˆed as a Caulobacter sp. of subdivision a-proteobacteria, formed a transparent, round colony with a large amount of mucilage production in its pure culture on the modiˆed Winogradsky's agar plate. It formed a layer at a certain depth of the soft gel medium to disperse the colony horizontally, both in the stab-culture and the uniform culture. The highly motile and micro-aerobic natures of the bacterium allowed it to spread along the appropriate oxygen concentration, forming a bacterial layer in the gellan gum medium. Due to the turbidity of the agarose medium, such a thin layer was hardly observed in the 0.2z agarose medium (Fig. 3) .
When two isolates were stabbed in one tube of the gellan gum medium for double-inoculation, both showed characteristic behaviors during colony emergence. Interestingly, Z. ramigera did not cluster in aggregates along the stabbing slit but did show much rapid dispersal from the slit line into the gellan gum medium, probably due to its chemotactic response 13) to unknown chemical substance produced by Caulobacter sp. that activated its motility. Such a physiological response of the bacteria in the mixed culture, visible as a change of colony development in the gellan gum medium, suggests close interactions between or amongst rhizoplane micro‰ora of the Nitrogen-free medium with 1z mannitol was solidiˆed with 0.3z gellan gum or 0.2z agarose and the wild isolates were stab-cultured. The loop was stabbed twice into the medium for the pure culture, or each isolate was stabbed separately once for mixed culture. After the inoculation, tubes were kept at 209 C in the dark. At 2 days of incubation, thin but clear colonies of isolates was clear in 0.3z gellan gum medium, but was indistinct in 0.2z agarose medium. The motile isolate, Caulobacter sp., started to form a horizontal ringlike layer at this stage. At 1 week of incubation, Z. ramigera appeared as thick colonies along the stabbing slit in the gellan gum medium, but its whitish colonies in the mixed culture in gellan gum medium looked hazy and were dispersed into the medium. After 2 weeks, Z. ramigera in the mixed culture was cylindrically and uniformly dispersed throughout the medium. Tentative identiˆcation of these bacteria were done by means of PCR of each 16R rDNA region with the universal forward (5F or 357F) and reverse (1080R or 1540R) primers under reaction conditions as follows: 35 cycles of 949 C for 30 s, 559 C for 1 min and 729 C for 1 min. [DDBJ accession No.; AB086018 and AB086019 for Z. ramigera and Caulobacter sp. isolated from P. lanceolata rhizoplane, respectively] host plant as known in some bacterial species. 14, 15) Thus, the nitrogen-free medium solidiˆed with 0.3z gellan gum will be a convenient tool for studies of rhizoplane bacteria, which expresses complex physiological actions and behaviors.
Inˆeld studies of free-living nitrogenˆxing bacteria inhabiting the rhizosphere and W or rhizoplane of host plants, a rapid and easy screening method is often required in collection and evaluation of micro‰oral components. The gellan gum-base soft gel medium is likely to be beneˆcial inˆeld investigations in particular, because it can be used to screen bacteria for that grow in N-free medium. The soft gel method is for preliminary investigation for freeliving nitrogenˆxers, because nitrogenˆxation must be proven by the acetylene reduction method or nif gene detection by molecular biological techniques. In terms of bacterial growth, gellan gum is used as a gel matrix for selective isolation of Planobispora, 16) and it is also an appropriate medium for several microorganisms to use for PCR. 17) As another gelling material, isubgol, the mucilaginous husk from the seeds of P. ovata, is also used in a culture medium for Rhizobium meliloti, and the gelling medium has promoted the bacterial growth. 18) These reports suggest the usefulness of alternative soft gel media for culturing nitrogen-ˆxing bacteria. Our approach to evaluate rhizoplane bacteria in the gellan gum-made soft gel media may lead to revealing tight partnerships between host rhizoplane and root-associating bacteria or between free-living nitrogen-ˆxing bacteria and other bacteria composing rhizoplane micro‰ora.
